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FORE CVO'RD

These tests were conducted at the U. S. Army Engineer Waterways

Experiment Station (WES) as a part of the vehicle mobility research pro-
gram under DA Project 1-V-O-21701-A-O46, "Trafficability and Mobility

Research," Task l-V-O-21701-A.C4A6-O3, "Mobility Fundamentals and Model

Studies," under the sponsorship and guidance of the Directorate of

Research and Development, U. S. Arvj Materiel Cormand.
The tests were performed by personnel of the Mobility Research Branch,

Mobility and Environmental Divisico, WES, during the period November 1963
to March 1965 under the general sw ervision of Messrs. W. G. Shockley and

S. J. Knight, and under the direct supervision of Dr. D. R. Freitag.

Actively engaged in the atudy were Messrs. A. J. Green, J. C. Chang,
N. R. Murphy, Jr., M. D. Beasley, and H. B. Boyd. The data were analyzed

by Messrs. Green and Muzphy. This report was prepared by Mr. Green.
COL Alex G. Sutton, Jr., CZ, and COL John R. Oswalt, Jr., CE, were

Directors of WES during this s'udy and preparation of this report.

IMr. J. B. Tiffany was Technical Director.

ill *All

iii r-.1



COINTENT

FO~REWORD . . .......... i

CONlVERSION FACTLORS, M4ETRIC TO BRITISH UI'JTS. OF MJAZLTRIEMENT I.....v-

SU?.IMA y.R .. .. . . ... . .. ..Y . ix

Pk.RT I: ITMR0DUCTION . 1

Background.................. . . ..... .. . .. .. .. .. .. .......
Purpose of' This Study . .1
S c o p e . .. 1 ' * .* ' * ' ' *
Special Definitions. .. .................. ...................... 2

PART !I: SOIL PREPARATIO.N' AND TEST EQUTPKEWi. .. .. .. ............... 4
Soil Preparation .. .. ................ ....................... 4
Test Equipment. .. .......... .................. ............. 6

PARTT III: DIMENSIONAL FPA14EWRK .. .. ................ ............. 10

Independent Parameters. .. .......... .................. ..... 10
Dependent Parameters. .. .......... .................. ....... 11
P! Terms (General Funct~ona1 Equations) .. .. .......... ....... 11
General Functional Pcquat ions .. .. .................. ......... 12
Simplificetion. of' :,nctional Equations. .. .......... ......... 13
Pi Terms (Simplified Functional Equations). .. ........ ....... 16

PART TV: TET RESUEDTS. .. .......... .................. ........... 18
Analysis .. .. .................. .................. ......... 18
Evaluation of the Sand Mobility Numb~er. .. .......... ........

Performance Prediction. .. ........ .................... 28
PART V: CONCLUSIONS AM, 'REC01ONNDATION . .. .......... ............. 36

Conclusions. .. .................. .................. ....... 36
Reconniendations .. .. ........ .................. ............. 36

LI!MTREiCIM X .. .. ................ .................. ......... 38
TABYS 1-12

PLAU1ES 1-26

y



CONVMRION FACTOF2, KMLTC TO BFZTISH UNITE OF WM v.OT

Metric units of mearr-ement uz6 in this rport can be concerted to British

anits as follows:

__ltipy Br 7Obtain

meters 3.2808 feet
centlmetars 0.3937 aches
, illimeters 0. 0r 397 inches

Sk Uonevtons 225,0 tons
newtons 0.2250 pounds
newtons per square centimeter 1.4503 pounds per square inch

grams per cubic centimeter 62.430o pounds per cubic foot
kilogrwas 2.2045 pounds
meter-newtons 3.7382 foot-pounds
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1.

SUMRY

This study exrmined the effects of tire deflection, tire geometry.
wheel luad, and soil strength on the perfoimanct of coarse-grained soils
subjected to moving tire loads. Mathematical expressions were developed
that combine the independent tire-soil and system parameters and relate
them to the performance coefficients.

A combination of independent parameters - x h , was deveG(

oped from single-wheel laboratory tests. This expressioL, referred to as
the sand mobility number, is shown to account for the combined effects of
soil strength (G), tire section width and diameter (b and d, respectively),
wheel load (W), and tire deflection (6/h) on wheel performance as measstred
by the performance coefficients.

A multiple-pass analysis was conducted to illustrate that perfor-
mance on the second and third passes also could be related to the sand
mobs4 Uity nwu.,er. although the relation was not the same az that for the
first pa.ss. It uas shown in a similar fashion that the performance of
vehicle on coarse-grained soils could be predicted using a relation based
on the sand mobiL. ýw :-umber.

ix
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I. PERFVBMANCE OF SOILS UNDER TIRE LOADS

DEVEMPMENT AND EVALUATION-OF M)BLLITY

NUMDES FKR COARSE-GRAIMED SOILS

PART I: IMIRODUCTION

Backound

1. The mission of the Mobility and Environmental D. "ision of -he

U. S. Army Engineer Waterways Experiment 9tation (WES) is to conduct

research that will lead to an improvement in the overall mobil:ty of

ground-contact military vehicles. Before maked improvement in mobility

can be effected, an understanding of' the fundamental relations of' terrain-

vehicle systems nmst be developed. One phase of the research is the

development of mathematical expressions that (a) include all pertinent

independent tire and soil parameters and (b) can be used to predict the

performance of soi].; under moving tire loads.
2. The details of the test program "Performance of Soils Under Tire

Loads" and the essential test equipment and techniques thereof are de-

scribed in Report 1 of this series, and subsequent reports in the series

contain first-order analysis of various portions of the test data. Basic

data from previous tests of this program and data from other WES field

tes'. programs2 are the principal sources of the data presunted herein.

Pur, se of This Study

3. The purpose of this study was to develop relations between the

performance coefficients and independent tire-soil and system parameters

that vould (a) be useful to the designer in selection of the number and

size of tires required to achieve a desired degree of mobility and (b) per-

mit prediction of the soft-soil performance of pneumatic-tired vehicles.

Thi s tudy was limited to tests with single whel and a

1).L
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four-wheel-drive test vehicle on one air-dry sand in the laboratory, and a

review of selectc-d data from tests with nine different pneumatic-tired

vehicles on dry-to-moist undisturbed beach and dune sands. Each single-

wheL- test usually consisted of a series of five consecutive passes of a

test tire in the same path. During these laboratory tests, soil strength,

wheel load, tire geometry, and tire deflection were varied. The tires

selected for the tests, designated basic test tires in this report, pro-

vided a systematic variation in tire diameter and section width, and per-

mitted an evaluation of (a) model-prototype relations and (b) the effects

of tire width and diameter on performance. Tire loads and inflat.on pres-

sures were varied to produce hard-surface deflections of 15, 25, and 35

percent. Daring the tests with the basic test tires, sand consistency

varied, from 0.7 to 8.3 N/cm2 /cz* penetration resistance gradient (density

approximately 1.44 to 1.65 g/cm3  0- to 15-cm cone index approximately

7 to 90 psi). In the field data selected for this analysis, tire load,

tire geometry, tire deflection, and soil strength were variable quantities.

Special Definitions

5. Certain terms that facilitate analysis of data and commnication

of test results are rigorously defined in Report 1 of this series. Only

those additional terms that are zonsidered essential to this report are

defined below.

Depth of influence: The depth range (e.g. 0 to 15 am) for which

changes in density of the soil noticeably affect the performance of pneu-

matic tires. In this text, the depth of influence is assumed to be equal

to the section width of the tire.

Dynamic load transfer: The transfer of load from one axle to another

resulting from differential rutting, slope of surface, or application of
torque to the wheels.

Dynamic radius (re): The undeflected radius inus the dynamic in-

soil deflection measured directly beneath the axle.

* A table of factors for converting metric unitL o01 to British
units is presented on page vii.

2



Internal ro-liNg resistance: The force required to tow a given
vehicle in neutral gear on an um'ielding surface.

Penetration-resistance radient (G): The slope of the curve of

penetration resistance versus depth average, , in this ana]ybis, for a

depth equal to the width of the tire.

Spilsitude (1); Change in a soil's resistance to penetration as a

result of the rate of deformation. The meaning of this word is somewhat

similar to that of viscosity, but it is utilized to avoid visuse of the

rather specific techniical meaning of viscosity.

T r1 force (maxizm drswba• pull): The Tinim sustained towing

force a self-propelled vehicle can produce at its drawbar under given

test conditions. (Note: Towing force-load ra'io approximates maximum

slope negotiable.)

IR7 FIR
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I.
PART i7: SOL PIRVARATION AND TEE72 NUIPM T

Soil Preparation

m 6. The sand used in the laboratory tests was taken from an active

dune near Yuma, Arizona. Fig. I shows the gradation and classification of

:this soil, which wa classified as SP-
U S. STAN•ARD S"EV1 NUMKRS

S30 40 50 70 b 14 200 0 SM in accordant-. with the Unified Soil

Classification System. The field tests
90 hi I10 were conducted on undisturbed sands in

the desert near Yuma, Arizona, and on
co 2 : various beeches in the United States

4 and abroad.

X Laboratory tests

-C 10i-i--.--"'-40- 7. In the laboratory tests the

4----- 4- sand was placed in the soil bins shown

50 TT- 50 in fig. 2. Five bins were joined end
S .... :u0 to end to provide a test course long

2C - 0 U aZa o ed l
, W enough fjr the test carriage to be ac-

3 ! 0 celerated to the desired speed, aI 30__] 70

-- -progrmmed-slip test to be conducted,

20: :0 and the carriage to be decelerated.

@YUMA D ,;/rrY - '/CMThe actual test lane was two bins, orýSAND MAAX MR. A%'SAP, 1.A7 1. 16.5 m, long. The soil in these two

0 1 100 bins was harroved to a depth of 43  m.,1 0.5 0.1 005
GRA0N 0Z1,005ETM and the surface was compacted with a

pneumatic-tired roller and leveled
Fig. 1. Gradation and classifi- before each test. The objective of

cation of Yuma sand
the soil processing was to prepare

uniform test sections in which the increase in strength with depth was

a epproximately linear to a depth at least as great as the width of the teast

-tre. This objective was achieved generally,, but there were exceptLons.

Typical profiles, representing tvo different strength levels, are

Sin fig- 3.

:J



rN:---

Fig. 2. Soil bins

PENETRATION RESISTANCE, N/Ch$2
0 15 550 65 1100 C 135 1650

2r

z 20_ _ _ _ _ _ _ _

x 0. IL I

121- 30.

Kig. 3. Typical prof~iles of iA= sand



Field tests

8. Surface slope and soil strength were measured on the unprepared

(natural) test areas, otherwise the areas were not disturbed prior to

tests.

Test Equipment

Test tires

9. Basic test tires. For the test program, a basic set of test

tires was selected to provide a systematic variation in the principal tire

dimensions--diameter and section width. These tires are shown in fig. 4,

4.00- 4.L00-• ) 00-16 9.00-.4

Fig. 4. Basic test tires

and their dimensions are as follows.

Nominal Diameter Section Section
Size cm Width, cm Height, cm

4.00-7 35.8 10.7 7.9
4.00-20 (l.2 10.7 8.1
6.0o-16 72.2 16.8 13.5
9.oo-14 72.2 21.1 16.3

6



*•The dimensinp listed are average values, as the actual size varied

slightly with inflation pressure (table i). The exterior dimensions of

V the 9.00-14 tire are approximately twice those of the 4.00-7. The dian-

eter of the 4.00-20 tire is almost the same aPs that of the 9.00-14, but

is twice that of the 4.00-7. The section width of tke 4.00-20 tire is

about half that of the 9.00-14 tire and the same as that of the 4.00-7

tire. The diameter of the 6.00-16 tire is the same as that of the 9.00-14

and approximately the same as that of the 4.00-20, but the section width

is of intermediate dimension.

10. Tese tires were of flexible, too-ply construction with nearly

circular cross sections amd were buffed free of tread. They were mounted

on steel rims with standard flanges and tested without tubes. Detailed

tire data are listed in table 1.

11. Validation test tires. Four tires, of dimensions different

from those of the basic test tires, were used to validate the performance

relations developed from tests with the basic test tires. The validation

test tires wexe selected because they represented a wider range of sizes

and shapes than did the basic tires. Furthermore, in se of the tests

confdcted with these tires, the penetration resistance-depth curves were

different froJm those associated with tests of the basic tires in that

the strength usually increased uniformly with depth to a depth of only

15 cm. At greater depth, the rate of increase varied, but was generally j
less than that of the first 15 cm. The validation test tires are shown

in fig. 5, and their dimensions are as follows.

tSection SectionDiameter Width Height

Nominal Size cm Cm cm

16xl5-6R (Terra tire) 113.2 38.6 13.2
1-.00-20 ick.8 29.0 22.8
1.75-26 (bicycle tire) 71.6 4.3 3.6
9.oo-i4 69.1 21.8 14.7

The 11.00-20, 12-PR standard military tire has essentiauy conventional

proportions, and was tested with a tube.*

* his tire was tested on a large, single-wheel d~ynammeter carriage
considered to be mechanically equivalent to the one described in
paragraph 12.

7
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16!IS-6R tTERRA-TIRE) i,& , I 00-. - 75-26 ýBICVCLE TiRE .. .. . 9 0CI14

Fig. 5. Validation test tires

The 1.75-26 tire is a common commercial bicycle tire and also requires a

tube. Its diameter is about 16 times its wridth. The 16xl5-6R Terra tire

is tubeless and its width almost equals its diameter. The 9.00-14, 2-FR

tire was of the same general size and shape a-- the basic test tire of the

same size. Validation test tire data are given in detail in table 2.

Test carriage

12. The single-wheel dynamcmeter test carriage (fig. 6) is instru-

mented to provide a continuous record of pull, torque, wheel sinkage, wheel

load, velocity, and slip. A detailed description of the carriage is given

in Report 1 of this series.

Test vehicles

13. 7he vehicle performance data selected include data from tests

with conventional pneuatic-tired vehicles used in the field and a modi-

fied four-wheel-drive vehicle used in the laboratory. Pertinent vehicle

and tire data for the field tests have been extracted from Supplement 17

of Technical Memorandunm No. 3-24O. 2 Tire dimensions of the field test

vnhicles are as follaws:

8 *
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Fig. 6. Test carriage in position on soil cars

Nominal Section Section
Tire Diam, d Width, b Height, h

Vehicle Size cm cm cm

M38A1, 4xA Jeep, 1'4-ton* 7.00-16 76.2 18.42 15.88
M37, 4x• -truck, 3¼-ton 9.00-16 86.4 23.37 21,21
M34 and K135, 6x6 truck, 2-1/2-ton 11.00-20 104.9 28.70 24.13
MU-, 6x6 truw): 5-ton 14.00-20 124.5 36.83 30.48
DUKW 353, 6x6 truck, 2-1/2-ton 14.00-20 124.5 36.83 30.48

(Amphibian)
Bucket loader/ 4xA tractor 14.0-0-24 134.6 36.07 30.48
Tournadozer, @x4 tractor 21.00-25 166.4 55.63 45.72
XM520 GOER, 4x4 cargo carrier, 5-ton 18.00-26 160.0 46.99 .40.13
X1520 GOER, 4 x4 cargo carrier, 5-i= 15.00-34 165.6 45.97 36.83

* Multiply by 0.907185 to get metric tons.

9
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PART lIII Ln4)ISIONA.L FBAMMP.)K

14. In a brief analysis W` t~he bearing capacity of soft soils under

tracked ve'hicles, Markwick 3intrciduced dimensional asnlJysis as a means of

s ,udying soil-.vehicle systems. Other experimenters ha-e used suimilar

te':ýhniqies as an aid to vehicle mobility research. Their Vork is de~-

scribed in references 4-15. Several of the references contain a develop-
ment of the Pi terms related to the soil-vehicle system. Therefore, this

report only contain,- tabu~lations of the pertinent tire-soil paramters

and the Pi terms used to dev ~lop functional equations.

Ir._.euedent Parameters

15. The independent parame-ters of % soil-vehicle system were

divided into three groups: soil r~ameters, tire parameters, and system

parameters.

Mass, Length, Time
Parameter 2Eb(MIl) Inits

Soil:

Friction angle--

Cohesion c MLlT-2

Density Y L2-

Spissitude W-'-

Tire:

Diameter d L

Section width b L

Section height h L

Deflection L

System:

Load W MLT~
(Continued)

10
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Mass,, Lenzgth, Time
Parameter -Vý2 IhLT) Units

* System (Cont'd):

Translational velocity V UT1

Slip S -

Tire-soil friction f-

Acceleration of' gravity g LT~

Deped Parameters

16. The d~ependent parameters of the system in this study were the

ma.jor merforn~zce characteristics:

Parameter- Symbol MLT Units

Panl P MLT -

Towed force TMLT 2

Torque QML 2T-

Sinkage z L

Pi Terms (General Functional Equ0-1.81

17. The Xndependent and dependent parameters listed in para-

graphs 1.5 and 16 were combined, using the diameter d as a characteristic

tire dimension, to generate the following Pi terms:

Term Descripive Tltle

P u ThI coefficient

Towed coefficient

(Coatinued)



M e___ Descriptive Title

cd Clayr loading number

_d3
Sand loading numberW

bb Shape number

Deflection number

ft Height-diameter ratio

Vc-
p Froude number

Wd Velocity number

0 Angle of internal friction

s Wheel slip

f Tire-soil friction

General Functional Equations

18. The 1i terms enumerated in the preceding paragraph can be com-

bined zo produce the following general equations, which are si ailar in form

to those presented by other authors.

For the pull coefficient:

P f,(5 b h cd2 7d3 V W\

& ,, W , f

For the sinkage coefficient:

z b h c2 7 3  V2  W 7d= , j -- ,- -d- , ZW s,

For t-he torque coefficient:

(8 b hcd 2  yd V2 W I
V 171
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For the towed coefficient:

PT f( b h cd 2  7d 3  V2 WF= P s1 , f

Simplification of Functional Equations

19. By control of the tes'. conditions and the use of certain sub-

ztitution= in the basic Pi terms, the precediný equations can be simplified

to manageable proportions, and the more important relations between the

variables of the tire-soil system can be evaluated systematically.

Soil parameters

20. A soil that is &almo~t purely frictional was selected; thereby

the clay loading number -a- was eliminated. Penetration-resistance

studies conducted prior to this test program indicated that the effect of

velocity on the penetration reýistance of this air-dry sand ws negligi-

ble; therefore, the velocity number was omitted in the simplified

analysis.

21. Several experimenters have shown that the friction angle ý of

a cohesionless, dry sand is proportional to the density 7.16,7 There-

fore, V was not included as a separate parameter. it has been determined

also that the penetration-resistance gradient G is related to the

density of a frictional soil. Since the penetration resistance is a very

sensitive indicator of density change and since in-situ density measure-

ments are difficult to obtain in loose air-dry sand, the penetration.

resistance gradient G was substituted for 7 . Both terms are expressed
-2 -2

in similar tunits, ML-T-. It should be noted that in dry, cohesionless

sand, the penetration resistance at the surface will be small and will not

greatly affect the value of the gradient.

Tire parameters

22. Four tire geometry parameters-- b , d , 8 , and h -- were con-

sidered in this analysis. The three Pi terms chosen to represent thesei b h

parameters were . , and The basic test tires are roughly toroi-
Sdal in shape; hence, the ratio of section height to section width is very

d inhe13

-A'
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nearly constant for the groap. This permitted the number of Pi terias tob 5
be reduced to two, L and h The tire diameter d was chosen as the

characteristic tire dimension in the first phases of the analysis. Leter,

detailed examination of the data allowed the other tire dimensions to be

incorporated in the loading numeric-

System parameters

23. The four performance coefficients, the tire-to-soil friction

coefficient, the Froude number, and the slip value are considered system

parameters. Since it was not considered practical to study the effect

of slip as an independent variable, the pull, torque, and sinkage coef-

ficients were evaluated at a constant slip value. The slip value chosen

was 20 percent. There are several reasons for this choice. Mhe maximum

pull developed during laboratory tests generally occurred near 20 percent

slip. Also, it was observed that soil-to-soil failures, as evidenced by

the formation of visible shear planes {fig. 7), occurred during the tests

as the slipY value approached 20

percent; .imilar observations were

made d.rIng the field tests. The

fact that soil-to-soil failures

were observed justifies the dele-

tion ,of the tire-soil friction

term f . The effect of speed on

performance was assumed to be

negligible; therefore, the Froude
V2

Fig. 7. Shear displacements in number - was deleted from the
tire path general functional equations.

24. The range cf slip values associated with the t'wed coefficient

was quite large, but the slip in this case can be considered a dependent

variable and was not included in the siinlijfied functional equation for

the towed coefficient.

Refinements

25. Torque coefficient. The torque coefficient - can be made

more explicit by replacing the diameter 1 with the dynamic radius re

to obtain the form -Q . Since the dynamic radius more closely
rWej

a4



400!I
I approximates the moment arm of the soil forces that provide the resistance

to the ayplied to.rque Q , the magnitude of the torque coefficient in this

form is tore nearly equal to the sum of the pull and towed Loefficients.

(If the tire is on a plane surfece that is parallel to th. travel direc-

tion, and if the towed force PT is equal to the mLticn resistance at

P2 PT
20 percent slip, then +W = 0 T

r eW W• • e

26. Tire deflectio, (laboratory data). Ln these tests, the wheel

was loaded pneumatically, 1 and the applied loau wa,. continuously recorded.

In some instances, the pneumatic loading system was unable to provide a

constant load during a specific test. Since the inflation pressure re-

mained relatively constant, the deflection of the tire was affectf-d by

these changes in load. This suggested that the data used in the dimen-

sionless numbers should be those corresponding to the conditions actually

imposed on tne -Wheel at the time the performance was measured. To effect

the needed adjustments, a series of plots similar to the one shown in

fig. 8 were utilized. For example, if the planned load W and deflection5
number 5 were 1000 N and 15 percent, but the load drogpped tc 955 If

during the test, the corresponding deflection would be 14.5 percent
G~d3

(fig. 8). The values of the sand loading number !dW, the sand number

-n he sand mobil-
E'LAM 4WD

3/2 F ;.W diH
ity number G(bd)W x6 sub- 0 h- I/ t i 1 V
sequently discussed in this re- *, z

port all employ the load actu- 00 10

ally measured at the data sta- I - /- I

flection that corresponds to iIIjII I
that d and inflation pres- .2- low

sure. This aAij-a!+, mezrt reduced 0.,0 o.0 C 3 oM o-o o• ,11

ocatter in plcot of perfamsnrce #LCINMOR.

Sdata so that relat•.hnI betweeI q. 8. Defleetion number versus

the independent and dependent wheel load

. 15
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parameters could be delineated with greater assurance.

27. Tire deflecti-n (field data). Because of the conditions pre-

vailing in the field, deflection data were not obtained for every combina-

tion of load and inflation pressure tested. Therefore, it was necessary

tc estimate the test tire deflection from a plot such as that shown in

fig. 8 using the load and inflation pressure recorded. for each test.

Pi Terms (Simplified Fanctional E-aations)

28. From consideration of the restrictions and simplifications dis-

cussed in the preceding paragraphs, Pi terms used in the analysis are as

follows:

Term Descriptive Title

p
T Pull coefficient

Sinkage coefficient
d

S.. Torque coefficient
rW

e
S~PTi
v Towed coefficient

Gd-
q- Sand loading number

SShape number
d

Deflection number

2,2,. The sinplified functional equations become:

f,S1g= -W- d' h

•if" _G3 b.

d IW dh)

16
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PAIRT i7: T"_ET 1SULTS

Analysis

30. 1he purpose of this analysis was to determine systematically

the effect that changes in soil strength, wheel load, and tire geometry,

including deflection, have on performance.

Effect of soil strength

S31. The simplified Punctional equations contain only one term, -•-

that includes soil strength. As stated in paragraph 7, the test sections

were constructed so that the sloDe of the penetration resistance versusý

depth relation was relatively constant. However, for the evaluation of

the laboratory and field tests with abnormal profiles, it was necessary

to devise a method to account for the !ffect of the deviations from a

linear strength-depth relation. Existing soil mechanics theories indinate

that the depth rarge for which changes in denrity or soil strength affect

the bearing capacity of sand is proportional to the width of the footing--

in this case, the tire. On the other hand, the resistance to the torque

of a powered wheel is developed by displacements perpendicular to the width

direction. Thus, the theories provide only general guidance. Examination

of some of the early test data suggested that the results of tests on

markedly dissimilar strength-depth profiles could be grouped by simply

averaging the penetration-resistance data for a depth range equal to the

width of the tire.

32. As a check, tests were conducted in specially prepared test sec-

tions in which abrupt changes in soil strength occurred at various depths.

Plate 1 shows penetration-resistance curves for a series of such test sec-

tions. The rate of increase in strength with depth in both the upper and

lower soil layers was nearly constant for this series of tests. Perfor-

umace data for an 12.00-20 tire in these test sections nzre tabulated on

the following page. _

33- Thbese data indicate that changes in the strength of the soil

below a depth of approximately 24- =, which equals 0.83b in this case, did I
not noticeably affect the level of performance (plate 2). It ie recognized -I
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I
Deflec- Depth to Wheel Paul

Test tIon Disconti- Sinkage Torque Pufl Wheel Coefficient
No__u. cmity, n C m-N N Load F/

"79 15 9.50 3.66 2463 2W88 13,622 0.153

83 15 16.OO 4,80 2293 1155 13,524 0.O85

85 15 17o80 6.58 2399 911 13,622 0 067

87 15 20.60 6.98 2541 822 13,755 0.060

89 15 23.60 8.48 2660 711 13,724 0 052

9i 15 27.20 8.84 2788 720 13,710 0,052

81 15 29.85 8.38 2717 711 13,773 C.052

93 15 34.30 9.07 2893 729 L3,555 0.054

80 35 9.5C 2.34 _3247 5644 14,5902 0.389

84 35 16.0o 2.41 2908 4489 13,755 0.327

86 35 17.80 2,69 2755 4000 13,853 0.289

88 35 20.60 2.64 2788 3733 13,866 0.269

90 35 23.60 3.17 2752 3641 13,778 0.264
92 35 27.20 3.48 2752 3555 13,600 0.262

82 35 29.85 3.63 2766 3422 13_,,5.ý.: 0.256

94 35 34.30 3.91 2823 3511 13,&)( 0.258

that the depth of influence also will be affected by the relative soil

strength of the layers. 'ince the slopes of the penetratio-r-sistancecuve inteui
upper layer for the specially prepared test secti ons

S(plate 1)-were approximately equal to the median slope for the tests con-

ducted with the basic test tires, it was assumed that the proposed pro-

cedure would yield a reasonable median for the basic tests. The test data

also suggest that tire deflection was not a major influence on the depth

"over which the soil strength affects test results. For analysis of subse-

quent tests, then, the penetration-resistance gradient G was averaged

for a depth range equal to the tire width.

34. The reliability of G as a measure of the relative consistencyj

of the soli is demonstrated by data obtained from tests iL which tire

geometry remained constant. Plates 3, 4, and 5 contain plots oIL the
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dependent performance coefficients , , and versus the sand
GOd 

e
loading number . These data were obtained from a series of tests with

the 9.00-14, 2-PR tire operating at deflections of 15, 25, and 35 percent.

The maximum planned wheel load was 3950 N and the minimum, 1000 N. The

soil gradient G ranged from 0.7 to 6.6 N/c 2 /cm. Some data scatter is

evident, but there is no tendency for the data to separate by load. On

each plot, a single &mooth curve was used to delineate the relation be-
Gd 3

tween the independent variables and the sand loading number -- It was

concluded from these data that the soil parameter G was a satisfactory
indication of tiLe relative strength or density of this soil.

35. The curves that describe the relations of pull-, sinkage, and

towed coefficient to the sand loading number are generally hyperbolic in

shape. The largest values of the pull coefficient are associated with the

largest values of the sand loading number. Conversely, the largest values

of sinkage and towed coefficients are associated with relatively small

values of the sand loading number. The torque coefficient increases

slightly as the sand loading number increases.

Effect of load

36. In the preceding paragraphs, the effect of load variations on

performance was not discussed. The effect of changes in load can be ex-

amined by comparing groups of tests using a single tire size at a constant

deflection number. Plate 6a presents data obtained from tests with a

9.00-14, 2-PR tire at 15 percent deflection and is a plot of the pull

coefficient versus the soil strength parameter G . A separate curve is

reqnired to represent the test data for each load. WLen the same pull

coefficient data are plotted versus G/W (plate 6b), a single curve can

be used to represent all loads (d is constant). This indicates that the

effect of load was adequately considered in the sand loading number.

Effect of tire geometry

37. Evaluation of model-prr toty relations Results of tests con-

ducted with the 4.00-7 (model) and the 9.00-14 (p.ototype) tires were used

- - to determine whether the tire performa ce data followed a true model-

* prototype relation. The pull, sinkage, towed, and torque coefficients were

used to woxare the si-la1rity in the geo-mtry of the two systems. Plate 7
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contains the data for tests conducted at 35 percent deflection. Tests

at 15 and 25 percent deflection showed si'ý lar results. The data are

intermingled on each plot, indicating g•.)mctric and dynamic similarity

between model and prototype. This eoma&rison also corroborates the as-

sumption that velocity effects vere negligible for the speed range repre-

sented sinne both size tires were operated at the same forward (linear)

velocity during these tests, rather than at scalel velocities. In

addition, these data also support the use of the soil strength parameter

G -The slopes of the penetration-resistance curves were averaged over

a depth approximately equal to the width of the test tire used. Since

the slopes of the penetration-resistance cur-es were not constant in each

case, the intermingling of test data seems to indicate that the effect of

the soil properties was adequately reflected in the soil strength

parameter.

38. Effect of tire width. To determine the effect of tire width

on performance, tests were conducted with three tires of nearly equal di-
ameter but of different widths. These were the 9.00-14, 6.OO-16, and

4.00-M0 tires; their shape numbers (b/d) were 0.91, 0.233, and 0.150,

respectively. The first step in analyzing the effect of width was to

determine the relation of the fbur performance coefficients to the sand

loading number. Data for tests conducted at 15, 25, and 35 -ercent deflec-

tion are given in tables 3 and 4. Similar relations were found at all

three deflections. Results of tests at 35 percent deflection shown in

plate 8 are typical. Families of curves delineate the relations of the

four performance coefficients to the loading number, with a separate curve

on the plot representing the data for tests with each tire.

39. The second step was to construct cross plots to relate the

shape number to the loading numbers at several levels of performance for

each deflection number. Plate 9 shows cross plots of data frm the rela-

A< • tions of pull coefficient and sinkage coefficient to the sand loading

number for ÷the three deflections. From these logarithmic plots, the rela-

tion of the reciprocal of the shape number to the sand loading number ca

be expressed as follows:
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( G) 2/3 W2/3d2

W.1

where K is a constant of p--portionality. Ra- sing both sides to the 3/2

power:

3/2d - K3/2 Gd

K3-2= 1 constant

'40. This leads to the conclusion that for each constant value of a

performance coefficient for a given deflection number, there is a corre-

sponding value composed of the periinent independent variables, including

the shape number. This combination, , is designated the sand

number. To illustrate the data collapse achieved with this number, the

perfootiance coefficients were plotted versus the loading number -from tests

at 15, 25, and 35 percent deflection. Results of the tests at 15 percent

deflection sbown in plate 10 are representative. Note that the data do

not separate on the basis of tire size. The relation of each of the four

performance coefficients to the loadirg number is well defined. However,

in an earlier analysis of these data, the relation of tbe torque coef-

ficient to the sand number was not well defined. The ixrproved definition

is believed to '-e due to the increased range of data available for analy-

sis and the correction of the deflection number to account for changes in

load during the tests (see paragraph 26).

4l. Effect of tire diameter. The sand number should adequately

account for the effect of tire diameter on the maicitude of the perfor-

mance coefficients. Data obtained from tests witb the 4.00-20 (71.2-cm -

•" ~diameter) and 4.00-7 (35.8-cm diameter) tires were used to evaluate this•.

hypothesis. Plate 11 contains data from tests conducted at 25 percent

deflection. Similar results were obtained from tests conducted at 15 and

35 percent deflection. Some scatter is evident (this apears to be large

22
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because of the scale used for the sand number), but the intermingling of
the plotted points representing the two tires demonstrates that the sand

number adequately accounts for the effects of tire diameter.

42. Effect of tire deflection. In the analysis of the effects of

soil strength, tire width, and tire diameter on the wheel's performance,

it was readily aparent that tire deflection significantly affected the

level of performance. Plates 12 and 13 present the relation of the pull

and sinkage coelficients, respectively, to •,he sand number. Smooth curves,

representing constant values of the deflection ratio, ---e used in both

plates tc delJ:eate the relations of the performance coefficients to the

sand number. Note that the curves are of similar shape, but the values of

the performance coefficients are obviously a function of tire deflection

as well as of the factors included in the sand number.

43. The effects of deflection were determined from cross plots of

the coordinatea of points on the faired curves in plates 12 and 13. The

reciprocal of the deflection number was plotted versus the values of the

sand number for several constant values of the pull aDd sinkage coeffi..

cients. The r-.lations that appear in plate 14 can be described adecaj'-ely

by a family of straight lines through the origin. The general mathematical

ex.-pression for this family of straight lines is

h G= K x /

or

-1/1 _ k d)1

where K is the constant associated with a given value of a performance

coefficient. This expression, which combines all of the independent Pi

terms in the simplified functional equations (eee paragraph 22), is termed

the sand mobility number. Plate 15 shows the relation of the pull, sink-

age, torque, and towed coeffic.ients to the swnd mobility number. The data

points are shown to indicate the range of scatter. Symbols show the dif-

ferent daflections corresponding to each test. Some scatter is evident

but no separation by deflection numbers is noticeable. Tms, the validity
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of the sand mobility number has been established for a range of the de-

f'ection Lumber (rougly 0.1 to 0.4). The form of the relation Is such

that as the deflection number approaches zero, the sand mobility number

approaches zero also, which, in turn, implies very poor performance. A

low deflection alone does not necessarily result in poor performance.

Ther.afore, the quality of the z elation must dimi~nish at the very loi

values of the deflection number.

Evaluation of the Sand Mobility Number

44. Laboratory data obtained prior to this study offered an oppor-

tunity to evaluatk- the adequacy of the sand mobility number when tires

having shapes different from those in the basic group were considered and

when the rate of Lncrease in the strength of the soil with <iepth was

decidedly nonuniform. The laboratory data also permitted an evaluation of

the relation of the sand mobility number to the performance coefficients

for multiple passes in the same tire path. The available field data,

although not directly comparable in many cases, illustrated the applica-

bility of the sand mobility number to analysis of the performance of

actual vehicles in natural soil.

Validation of sinle-wheel tests

45. Selected single-wheel performance data from tests previously

conducted (table 5) were compared with the performance predicted from the

relations developed in this analysis. Plate 16 compares the data obtained

from tests with an 11.00-20, a 9.O0-14, a 16x15-6R (Terra), and a 1.75-26

(bicycle) tire with the idealized performance curves. The bicycle and

Terra tire data were included to illustrate that the performanca coeffi-

cients of these tires with extremely different shape numbers conform to

the same relation developed for the mor-? conventional tires. The 11.00-20

data were included to increase the range of tire diameters studied. The

9.00-14 data were considered because the so.l strength prrfiles associated

with these tests were cuite differen-k from those for the basic group of

tests with that tire. Representative soil strength profiles for tests

7--
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with the 9.00-14 basic and validaticn test tires and the 11.00-20 and Terra

tires are shown in plate 17.

46. Although considerable scatter is apparent in plate 16, the

idealized curves form a reasonable average of the validation data group.

On the whole, these data support the performance relations developed. The

scatter in the sinkage data (plate 16b) can be attributed in part to diffi-

culties experienced in obtaining reliable sinkage measurements.

Relation to vehicle performance

47. Multiple-pass performance of single wheel. On most pneumatic-

tired vehicles, two or more wheels travel in the same path. TUe perfor-

mance of each wheel is influenced by the soil condition created by the

preceding wheel or wheels. The result is considered to be similar to the

performance of a single wheel on each of multiple passes in a single path.

Plate 18 and tables 6 and 7 contain performance data for the single v"e

for tte second and third oasses in the same path. The pull and torque

-:-?ificients developed during the second and third passes are lower than

first pass velues when compared at equal values of the mobility number.

In plate 19, average curves representing the plull data for the first three

passes of the wheel are summarized to emphzsize the effects of repetitive

traffic. The soil strength measured before traffic (tables 3, 4, 6, and 7)

was used in compuming the values of the sand mobility number, and this could

contribute sigaificantly to the scatter of the data points in plate 183

because the soil strength may increase or decrease under the action of

the traffic, depending on the initial soil strength, the wheel load, tire

size, etc.
4-3. Plate 20 sihows the relation of the pull coefficaent to the sand

mobility number for the second and third pass performance when the soil

strength values measured just prior to each pass were used to compute the

mobility n,=ber (tables 8 and 9). The use of the "during traffic" soil

strength values reduced the scatter somewhat for each pass, but the curves

used to delineate the relations are not substantia•ly -lifferent from those

based cn the "before traffic" o-trength data (plate 18). First, secound, and

third pass pull coefficient curves are copared in plate 21, and it can be F
seen that performance generally decreases with traffic. Soil strength
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values measured before each pass were used to compate the sand mobility

numnber. The second and third pass torque coeffi.-iant curves were also

generally lower than those developed on the first pass (tables 3, 6,

and 7). The reason for separation of the pull coefficient first- and

third-pass curves at the higher values of the mobility nnuber is not known;

however, the associated torque coefficient curves also separatee,

49. Vehicle tests (laboratory). The next step in establishing the

utility of the sand mobility number was to evaluate the performance of an

actual vehicle operiting under controlled conditions in the laboratory.

The test sections were prepared in the same manner as those for the single-

wheel tests. The four-wheel-drive ( 4 x4) test vehicle was modified so that

all wheels v•uld rotate at the save speed, and the spring suspension sys-

team ias replaced with rigid connections. These revisions, while not prac-

tical in everyday use, ensured that all wheels would operate at the same

slip and that the wheel loads would not be influenced by dynamic oscilla-

tions. If the single-wheel apparatus end the test vehicle operate at the

same degree of efficiency, the pull versus sand mobility number relation

coefficient developed by the four-wheel-drive vehicle (table 10) should

lie the same as the average of the pull coefficient relations for the first

and second passes of a single wheel. In plate 22, the results of the

vehicle tests are shown as discrete data points, while the smooth curve

represents the average of the first and second pass curves for the single

wheel. The average curve was obtained from plate 19 simply by averaging

the pull coefficients from each cur-ve at commn values of the sand mobility

number. 'Tis curve adequately represents the relation formed by the per-

formance data for the veb-icle.

50. Vehicle tests (field). Field tests have been cond'cted on

coarse-graLned soils in various parts of the world with a variety of mii-S2
tary vehicles. These test results (table 11) are not fully comparable

to the laboratory tests because the sand at the test sites usual- was

moist or eve±n - and the drawbar-pull tests usually were not run at a

controlled slip. instead, tests were run at several levels of pull, and

only the data relevant to the maximum drawoar attained were recorded for

each test in the reference. Therefore, certain assumptions were necessary

26
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- to effect a first-order evaluation of the mobility rumber. These are as

follows:

a. The cohesive forces were negligible; i.e., the surface cone
index readings were small in relation to subsequent
readings.

b. An equivalent G can be computed from the 0- to 15-cm
penetration-resistance data recorded in the reference.
This implies the approximation that the rate of increase
in strength with d1epth (G) was constant for a given field
test to a depth oqual to the width of the test tires used.

c. The vehicles were loaded so that each tire carried =n equal
share of the load.

'-1. Results of tests with 4 x4 and 6 x6 vehicles listed in table 3 of

reference 2b are recorded in table 11 and plotted in plate 23. The inter-

mingling of data points for tests with a variety of vehicles and -with

different tire sizes, tread patterns, and inflation pressures demonstrates

that the sand mobility number and the assumptions listed in the preceding

paragraph provide a valid basis for grouping vehicle performance data. A

s ingle curve has been drawn in plate 23 to delineate the average relaticn

of the pull coefficient to the sand mobility number for all the vehicles.

Ccmparison of vehicle and

single-wheel performance relations

52. In plate 24, the field perfonmance data for the test vel icles

S•ve compared to the average of the first, second, and third pass perfor-

=ance curves obtained -or single wheels in the laboratory. The single-
Swheel data were evaluated in terms of the soil strenKgh ttaa measure0.

before traffic, since only the before-traffic strength data were available

for the fic'd tests. Bk,-h curves have the same general shape, but the

ordinate values of the two curves differ by a nearl-y constant amount; i.e.,

the single-wheel data :Indicate a greater pull for a par.,ular sand mohil-

ity number than was achieved durir.g the vehicle tests. Therc are several

factors that could contribute to the differences observed. These include

differential wheel slip (front to rta- szid/,r side to sil.e), uneven wheei

loading due to dynamic Load transfer, and iz ',reased rollirg resistance

caused by imperfectly t-acking rear w•.eels.

53. In plate 25, the relation of the towed coefficient to the sand

27'
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mobility number is compared to a similar relation developed fbr single

wheels in the laboratory. These data for the field tests are listed in

table 12. The difference in the ordinate values of the two curves at any

value of the sand mobility number is equal to 2.5 percent of the wheel

load or vehiele weight. Again, there are several factors that could con-

tribute to these differences. These are i .ternal friction and increased

motion res 4stance due to imperfectly tracking rear wheels.

Performance Prediction

54. The relation of the single-wheel pull coefficient and the pull

coefficient determined from vehicle tests ta the sand mobility lzumber

(plate 25) offers the basis for a tentative performance prediction system

and for design criteria for vehicles operating in dry-+o-moist sands.

Plate 26 contains curves representing the relations of the pull and towed

coefficients for wheeled vehicles to the sand mobility number. These

curves can be used to forecast the mobility of existing vehicles or to

select tires that will provide the desired degree of sand mobility for

existing or proposed vehicles. At the present time, it is sugge3ted that

the curves be used with caution because the research effort must be

broadened to effect refinements of the strength parameters and the deflec-

tion pa.rameters. It also must be extended to include larger tires and

tires of unusual shape. The following examples are given to illustrate

the possible practicaO use of the curves in predicting performance of spe-

cific vehicles. In each example, it has been assumed that each tire

carries an equal share of the load. In addition, the assumption has been

made that the tangent of a slope climbed is practically equivalent numeri-

c&Jlly to a pull coefficient. The basis for this assumption is given in

reference 18. Field tests conducted since that time have generally veri-
2b

fied this assumption. Usually for a given set of test conditions, the
maximmL pull coefficient is approxim.tely 0.02 greater than the maximam

slope negotiated. However, for this analysis, this slight difference has

bhen ignored.
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55. Soil strength and wheel load are given; slope-climbing ability

or maximum drawbar pull -an be computed as in the calzulations that follow.

Given: 2135, 6,-6 truck, 2-1/2-txmn

Gross vehicle weight (nW) = SOkN

Number of wheels (n) = 6

Wheel load (W) = 13.3 kN

Soil strength (G) = 5.4 N/cm2 /cm

11.00-20 sir.zle tires: b = 28.7 cm; d = 1Oh.9 cm;
()3/2 = 165,00 = 3 ; 5A,- 0.35

Find: Maximum drawbar-pull coefficient and slope
negotiable.

Solution: bd3/2 5.(1,0OO.1
Souin G(bd E = 5.4(165,000)0.35)

W 13.3X1000

"= 23.5

Reading from plate 26, P/w = between 0.21 and 0.22;

or from th. equation for powered wheels in

plate 26:

P a 5-50
W 2.12 £ + Y3.31

P 23.5 - 5.5
S2.12(23-5) + 33.31

P 0.216

Conclusion: This vehicle, under the conditions specified, can

climb a 21 percent slope; or on level ground, it

can tow an object whose resistance does not exceed

21 percent of the weight of the prime mover.

Finally, slope and maximum drawbar pull may be con-

sidered together; e.g., on a 10 percent slope, the

vehicle can pull a trailer whose rolling resis-

Stace does not exceed 11.6 percent of the vehl-

cle's weight.
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Example 2

56. For design purposes, the equation can be manipulated to solve

for tire size when the allowable deflection, the minim=n soil strength.1

the design wheel load, and the required s].ope-climbing ability or dryotbar

pull a'e known. This is illustrated in the following calculations.

Given: Configuratioa = 6x6 vehicle, single-tandem tires

Gross vehicle weight (nW) = 125 kN

N1miber of wheels (n) = 6

Wheel load (W) - 21 kN.

Soil strength (G) (" nimt) 5.54 N /cm

Slope = 20 percent

Maximum allowable deflection (6/h) = 0.35

Find Tire sizes copatible with given conditions.

Solution: G bd) 3/2 5__
W h

Solving for (bd)3/2 yields:

b3/2 Wh(ba) , = P.x~ UR1

and from the equation shown, the relation of the

pull coefficient (equivalent to slope climbed) to

the sand mobility number (plate 26),

3 3 -I P1,:W - 5 •'
1 - 2.12 P/W

Substituting the above for n:

(bd)3/2 33.31 ?W + 5.5 Wh
( - 2.12 PA; ---S

"b3/2 (33.31)(0-2) + 5.5 21 x 1000
I)3 - 2._-0.2) x U5.4)(0.35)

(bd)3/2 234,600

bd = (234,600)2/3

bd = 3804 cm2
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Tire selection: Try 11.00-20, 12-PR nondirectional
cross country; b = 28.7 cm; d = 104.9 cm;

b X d = 3011 < 380o4 (inadequate)

Try 14.00-20, 12-PR nondirectional cross country;
b = 36.8 cm; d = 124.5 cm; b x d 4585 > 3804
(adequate)

Try 46x18-2OR, 8-PR Terra tire; b = 50 cm-
115 cm; b X d = 5750 > 3804 (adequate)

Conclusion. The 14.00-20 and the 4618-20R tires are adequate.

in the foregoing example, only two tires were

demonstrated to be adequate. Obviously, there are

many tires that fulfill the requirements from a

mobility standpoint. The designer must select the

tire that represents the best combination of sta-

bility, ground clearance, height of truck cargo

bed, cost, etc.

57. The mobility of a vehicle-trrailer combination also may be esti-

mated using the curves shown in plate 26. In this example, a minimum soil

strength, a maximum slope, and the required vehicle and trailer data are

'known quantities. The necessary steps ar-e given below.

Given: m237, 1ix4 truck, 3/ 4 -ton

Gross vehicle weight (nW) = 26.7 kN

Number of wheels (n) = 4
Wheel load (W) = 6.67 kN

Soil strength (G) (minimum) = 5.4 N/cm2/cm

Slope (maximum) = 10 percent

9.00-16 tires: b = 23.4 cm; d = 86.4 cm;
(d)3/2 = 9o,73o cm3 ; 5 1h 0.35

101, 2-wheel trailer

Gross vehicle weight (nW) = 8 kN

Number of wheels (n) = 2

1Wheel load (W) = 4 ks

9.00-16 tires: b = 23.4 cm; d 86.4 cm;

(b = 90,730 c; • :51h 0.35
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Find: Is the vehicle-trailer combination mobile under

the conditions specified?

Solution: a. Vehicle pull:

x 5.4 9,73o0Io.35)
h 6.67 x' 100o

Q 25.7

Reading from plate 26, PW = 0.228; or from

the equation for powered wheels in plate 26!

,. 22.12 + 33 .31

P 225.7 - 5.5
2.172(2_5.7)-

S 2 = 0.23o

Maxi•im drawbar pull on level ground - (nW)
(0.230)(26.7) = 6.14 ici4

b. axi mm d-rawbar pull of vehicle on 10 percent

slope: Maximum drawbpr pull on a 1C percent

slope = (nW) - slope (nW)

(0.230)(26.7) - (0.10)(26.7)

= 6.i - 2.67

= 3.47 ),-, or 3470 N

c. Trailer rolling resistance (level surface):
.r= _d3/ 5 =5.(90,730)(0.35)

W Xx= 4 1X000

4= 2.9

Reading from plate 26, PT/W = 0.077; or from

the equation for towed wheels in plate 26:
PT O.OOO44 n + 0.0 + 0.025
W UMo-147-1-, -oo_5

PT o •o444 + o.005ý- 0 .0250.01144(42.9 - 0.0295
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PT
T. 0,053 + 0.025 0.078
W
Rolling resistance on level ground (MIO)

PT=!I = 0o.0,18(8) = 0.62, kNI, or 6241 N

d. Rolling resiztance on 10 percent shope:

Rolling resistance on a 10 pcrcent slope

P,.
= L (nW) + slope (nW)

= o.621+ + (c,i)(8) l.h2 kN

e. is maximum drawbar pull of an M3- on a 10

percent slope greater than the rolling

resistance of an M-1O1 trailer on a 10 per-

cent slope under the cone-itions specifiec?

Maxim. drawbar pull of an M37 on a 10

percent slope = 3.47 kN. Rolling resist-

ance of M101 on a _0 percent slope = 1,42 kN.

"The M37's drawbar pull is greater.
Conclusion: Vehicle's drawbar pull exceeds the trailer's eoll-

ing resistance, so the vahicle-trailer combina-

tion will be mobile under the conditions specified.

Carrying the calculations f'arther, it can be seen

that the combination would h immobilized on a

slope of 15 to 16 percent., i.e., let

(slope) ()C7 veight) + (slope) (Mi01 weight)

rollinrg resistance (ŽlO) : maxim drawbar pull

(IM37) (26.7) (slope) + (8) (slope) + 0.624 = 6.14

34.7 (slope) = 5.52

slope = 0.16

ExaMle 4

58. An ali-wiheel-drive vehi':le has "finite advantages over similar

vehicles with nonpowered elements. The relations of pull and towed force

to the sand mobility nt.I er can be used to snow the advantages gained by
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poweri.ng all the wheels. The M37, discussed in the previous example, can
",e used as a 4x4 or 4x2 vehicle, because the front axle can be engaged

manually.

Given: M37, 4x4 truck, 3/ 4 -ton

Gross vehicle weight {nW) = 26.7 -AN
Number of wheels (n)

Wheel load (W) = 6.67 kN
Sol! strength (G) (minimum) = 5.4 N/ 2/cm

9.00-16 tires: b = 23.4 am; d 86.4 cm;(•<I)3/'2= 90'T.30 =m3; 6•n=03
- 1h = 0.35

Find: Performance of M37: (a) as a 4xh and (b) s a 4x2.

a. Pull coefficient and/or slope negotiable for
4x4 configuration:
"From a of example 3: . = 25.7; P/W = 0.230

b. Rall coefficient and/or slope negotiable for
4x2 configuration:

P1W = maximum drawbar pull of rear wheels minus

rolling resistance of front wheels

(1) Maximum drawbat pull of rear wheels:

From a of example 3: P/W = 0.230

Total weight of rear axle = 13.3 kq

Maximum drawbar pull (0.230)(13.3)
= 3.06 kN

(2) Rolling resistance of front wheels:

From the calculation of the sand mobility

number given in example 3: n = 25,7; and

read~ing from plate 26, PT/W = 0.085; or

fiom the equation for towed wheels in

plate 26:

PT 0.00044 11 + 0.0055 0.025
So0.0o144 a - 0.0295

• "PT 0.2200%25.7) +.,0.0055+0.20.0-14,o (25.7) - o95 o.25

34



I"I
- = 0.6- + 0.025 = 0.089

Total weight on front axle 13.3 1hN

Total rolling resistance on front wheels

(o0-089) 13 1.) = .18 kN

(3) Maximum drawbar pull (rEar) (3.06 kN)

- rolling resistance (1.18 kN) = 1.88 kN

P 1.88'W 7 0.070

Conclusion: The 4x4 will outperfor-. the L-2. The latter would

be imobilized on slopes of 7 percent or greater,

while the 4x4 could negotiate slopes as steep as

23 percent.

3 I3

gA



I:I

i P2RtRT V: COMLUSIC-M A20N RECAOMMDATIOX

i 1 Conclusions

i i 59. The foregoing analysis is considered adequate basis for the

following conclusions:
i a. The soil parameter G adequately defines the strength of

soil for the range of conditions encountered in the labora-
tory tests. (Paragraph 3L.)

b. The deflection parsmeter 5/n is adequate for the range
of deflections considered. (Paragraph 43.)

c. The performance of pneumatic tires operating in sard, when
speed and slip are constant, is dependent on the tire
diameter, width, and deflection on load, and on soil
strength. in dry sand, these factors can be combined into
the dimensionless expression

d /2
( x (Paragraph 46

W "h

d. The average of the pull coefficients for the first and
second pass of a single wheel forms a reasonable average of
the points representing performance data for an actual 4x4
vehicle ,ander laboratory conditions. (Paragraph 49.)

3 /2
i. The expression X adequately collapses the

field performance data; i .e., the relation btotwee4 the
vehicle's fiela performance and the sand mobility number is
similar to the relation for the laboratory performance data
and the mobility number. (Paragraph 51.)

f. The relations found zan be utilized for tentative design
criteria or performance prediction. (Paragraphs 54-58.)

Recommendations

60. It is reconmended that:

a. The gtudy of effectiveness of the soil strength paerameter
be extended.

b. Me range of tire deflection conditions tested be broadened
and the possibility bee investigpated of altering the form
of the sand mobili-ty nmber so that the performance of
rigid wheels can be _isidered.

36
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c. la&rger tires and tires of~ different basic shapes be in-
cluded in this program.

d.. The program be extended to other soils, Including those
that -have both cchesive and frictional strength.

4 3
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Preseure Caj Cs Yletsured Hard Surtfae ;4eaarueme•%t
SSecirp i" ection Rir11•g - - m-tq

- Prenre ectii~ SetionI~cJ.Iii' Ccateet Contact Contact ottDefc- /c Hj~teib cm .Ž W h ex Tire Circus- Area Pesr
?(GWa T I o Disim ference !*xt wnL i~dth3 Pesr

SLoad Losdel !.ce, ia.ed .. I Loaded ca • ci Cm __ 1__!

1• 444 11.0 1.2 7.85 6.68 10.59 11.18 35.81 109 31.55 9.2 14.52 14.10
15 999 22.8 22.9 7.90 6.71 10.72 11.23 35.92 109 -'!71 10.67 5.00 24.59

25 144 4.1 4.3 7.82 .•.7 10.59 1.1.43 35.76 105 70.13 13.49 6.73 6.34
25 999, 11.6 11.7 7.85 5.-19 10.62 11._13 35.81 105 74.39 13.23 6.76 13.45
25 1511 17.8 17.9 7.90 5.92 10.67 1- 61 35.-- 105 74.71 1l.45 6.93 20.24

35 444 ;.7 1.9 7.&1, 5.11 10.49 11.71 35.86 lo2 101.68 15.-75, ,.
35 9Y9 7.0 7.2 7.85 5.11 10.59 11.89 35.81 -02 100.32 15.37 8.28 9.97
35 2022 14.9 15.1 7.87 5.11 10.67 12.09 35.86 102 112.52 16.23 8.71 17.99

14.00-20. 2-PR
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25 1511 12.4 12.5 7.98 5.94 10.5h 11.58 70.99 - 1',5.29 ±9.23 6.99 14.36
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9..0-14. 2-PR
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25 3955 25.3 25.5 163 13.1 21.13 21.871.63 21 .1019 20.24 9.53 2!A.8

25 999 2.1 2.z i.o 11.99 o.68 2.25 71.58 -- 5.-. 27. 15.3- 2.90
2522 . ,. 60 2 0 .98-- k357 207 B8.06 27.3:. 11..73 5.90

5.025 2977 C 3.1 16.15 12.22 2D.9• ?2.4c . 327.10 27.o3 14.61 9.11
25 3955 11.2 1..3 16.18 12.14 21.03 22.53 .93 08 323.87 27.00 14.61 12.22

35 999 1.0 1.1. 15.98 20.39 20-.4 23.1.2 71.53 213 50T.7%. 33.02 19.1,0 L.9r.9
35 2977 5.0 5.2 16,03 10.1,1 20.96 23.80 71.63 2D3 488.39 32•.6 18.;.h 6.w
35 3955 7.0 7.3 16.1ý 10.-9 20.96 23.77 71 .M 201 .452.26 32.O0 17.96 8.76
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Table 5

SIBELe-Wheel Tests in • Sn 2 Pe0rcnt lip,
First Pass, Validatia est Nres

Sand
Penetration- Design Pull Sinkage Mobiit

Resit~aace Wheel Deflection Coefficier, Coefficient Thber
Gradient, G LOa 5 P z G(bd 13 /2

1.7,-26, Bicycle Tire

161 499A 5.4 444 0.15 0.;52 0.O44 9.0
161 c,14A 2.7 444 0.15 0.148 0.071 6.0
161 510A 6.5 444 0.15 0.231 0.025 13.0
161 497A 4.3 999 0.15 0.053 0.088 4.o
161 503A 3.5 999 0.15 -0.030 0.160 3.0
161 508A a.7 999 0.15 -0.005 C.154 2.0
161 511A 7.3 999 0.15 0.119 0.056 6.0

161 50O0. 5.4 444 0.35 0.250 0.03. 22.0
161 502A 2.2 444 0.35 0.110 %.)083 10.0
161 505A 2.7 444 0.35 0.131 o.0 12.0

161 498A 4.6 999 0.35 0.08o 0.075 9.0
-61 501A 1.9 999 0.35 0.000 0.162 4.o
161 506A 2.4 999 0.35 0.020 o.162 5.0
161 50?A 3.8 999 0.45 0.051 0.080 7.0
161 "A, 2.7 999 0.35 0.000 O.42 5.0

9.00-14, 2-PR

160 243A 1.9 1,289 0.25 0.348 0.028 22.3
161 345A 2.7 1,•89 0.25 0.409 0.021 30.5
161 253A 4.o 1,289 0.25 o.456 0.01 4.o
161 6.A 5.4 1,289 0.25 0.433 5.007 5.8

161 344A 2.6 2;C22 0.25 0.362 0.021 19.1
161 252A 3.5 2,022 0.25 0.393 0.017 25.6
161 331A 4.1 2,022 0.25 0.432 0.004 31.2161 245A 2.1 2,022 0.25 0.261 0.0%- 15.4
161 335A 2.1 2,022 0.25 0.290 0.052 15.9
161 34&A 5.7 2,022 0 25 o.423 0.0102 14.8
161 267A 5.8 2,022 0.25 o.409 0.008 40.8

161 250M 3.8 2,978 0.25 0.323 0.021 19.i
161 341A 2.8 2,978 0.25 o.286 0.047 14.2
161 2CeA 5.8 2,978 0.25 o.3O o.0o 29.1
161 332A 4.7 2,978 0.25 0.388 0.014 23.3
160 238A 1.6 2,978 0.25 0.126 0.073 7-.8

161 A.f 1.9 3.956 0.25 0.158 0.0'.9 ?.1
161 343A 2.6 3,956 0.25 0.201 0.056 9,9
"10 234A 3.9 3,956 0.25 0.27, 0.029 14.5
160 2A 2.2 3,956 0.25 0.093 0.097 7.9
161 26A 5.9 3,956 0.25 0.355 o.xe 21.3
160 ohm 1.6 5,911 0.25 -0.0bg 0.157 4.3
16 2A 2.1 5,911 0.25 -0.024 0.); .
161 MCA 5.5 5,9:. 0.25 0.257 0.04" 13.3
161 349A 2.9 5,91. 0.25 0.=22 o.ow 7.0
16 350A 3.2 5,91 0.25 0.145 0.073 7.7
16D 236k 4.2 5,911 0.25 0.179 0.0;43

;)1~62 -PR Tewra Tire

160 &5A 1.0 999 0.15 0.2:) o.Ow- 10.0

- -ORU . -
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Table 5 (CouCIudW )

4Penetration- Design Panl Sinikage
Resistance Whleel Deflection Coeffcient Coefficient Nme

Gradient,G Wa~d 8 P Gbd3/ 8
Test NO. lJ/cx YCM N ___ __

16x15-6R, 2-Pit Terma 'fire (Continued)

162 646A 1.6 999 0.15 0.318 0.041 1-
162 65GA 4.6 999 0.15 o.45o 0.029 48,0
162 647A 1.3 2,022 0.15 0.072 0.096 7.0
162 648A 2.1 2,022 0.15 0.229 0.052 12.0
162 64% 3.7 2,022 0.15 0.310 0.046 19.0
162 651A 1.2 3,199 0.15 --

162 652A 2.2 3,199 0.15 0.1500.6 0
162 653A 4.8 3,199 0.15 0.211 0 .05 3 16.0

162 654A 2.0 3,199 0.15 0.1.27 0.079 6.0

162 6s8& 1.4 999 0.25 0.335 0.0,'4 25.0
162 659A 2.2 999 0.25 0.5557 0.038 37.0
162 66-2A 5.9 999 0.25 0.538 0.021 100.0
162 657A 1.2 2,022 0.25 0.210 0.081 10.0
162 66aA 2.2 2,02 0.2; 0.400 0.40 8.
162 661A 5.4 2,022 0.25 0.475 0.021 47.0
162 655A 2.1 3,199 0.25 0.289 0.054 U1.0
1A2 656A 1.2 3,195 0.25 -0.012 0.148 6.o
162 663A 5.3 3,199 0.50.353 0092.

263 25A 4.8 13,333 0.15 0.076 0.076 8.8
263 26k~ 4.3 13,333 0.15 0.055 0.082 7.9
263 27A 3.5 13,333 0.15 0.037 0.103 6.4
263 28A 2.8 132333 0.15 0.C35 0.111 5.1
263 29A 1.6 13,333 0.15 0.004 0.124 3.0
263 41A 5.3 13,333 0.15 0.097 0.081 9.8
263 JJ2& 3.0 13,333 0.1.5 0.041 0.097 5.6
263 43A 1.17 13A233 0.15 o.004 0.131 3.2
263 44A 5.2 1,9,999 0.15 0.026 0.12 6.4
263 1-5A 4.0 i9,999 0.15 0.006 0.122 4.9
2 63 46A, 3.8 19,999 0.1L5 -0.026 0.123 4.8
263 47A 3.1 .19,999 0.15 -0.054 o. 146 3.8
263 48A 2.0 W1999 0.15 -0.076 0-153 2.5

1-.00-W. 12-PR

263 3UA 4.3 13,333 0,.23 0.236 0.057 10.9
263 31A 3.9 13.333 0.23 0.158 ;.06A 10.0
263 "ýA 3.5 13,333 0.23 0.1724 0.076 8.9
263 -i;A 3.1 13,333 0 '-3 0.170 0.0&1 7.8
P-63 34A 2P.7 i3,333 0 2.; 0.127 0.088 6.9
2631 35A 1.7 13,333 0.23 0.060 0.097 4.4

263 36A 4.3 13,333 0.35030000 .6
263 37A 4.4 13.333 0 -3 0.295 0.o44 47.0
26-1 38A 4.0 13,333 3 0.31.0 0.055 1.
263 3A 3.1 3.3,333 k'.35 0.299 0.050 22.1
-63 40Db 1.9 13,333 0.35 0.222 0.093 7.3
263 49A 5.0 19$999 0.2'5 0.239 0.054 1.3

- ~ .2463 50A 4.2 19,999 e.j¶1 0.203 0.067 3-1.9
263 52.A 3.3 19,909 .y0.197 0.087 9.5
263 52A 3.1 19,9990 0,3! 0.169 0.103 9.0

263 53A 2.0 1999 0.35 0.1191 0.1335.
-9.9-9 -.
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Table 8

Penetration Resistance Grw.ent, Fi':st
Pa3s, Basic Test Tires

Der i& ;ýaetraion - sign Penetratlon -
Deflection Resistance Deflection Resistance

5 Gradient, G 6 Gradient, G
Te3t No. N______ Test Ho. _____ _____

4.00-7, 2-PR 6.00-16, 2-PR (Continued)

164 798A 0.15 5.3 165 35A 0.15 1.2
164 824A 0.15 5.4 164 810A 0.15 2.5
164 825A 0.15 3.1
164 799A 0.15 5.4 164 816A C.:.5 4.1
164 8O0A 0.15 4.2 165 37A 0.25 4.6
164 30oA 0.15 4.9 164 818A 0.25 M.0
164 821A 0.15 3.4 164 819A 0.25 0.8

16 2A165 32A 0.25 0.6
164 827A 0.25 6.0 165 33A 0.25 0.7
164 828A 0.25 6.5 164 812A 0.25 4.3
164 0.25 8.3 164 817t. 0.25 2.9
164 82Ok 0.25 3.5 165 3'-A 0.25 1.0
164 822A 0.25 4.3
164 829A 0.25 6.6 16& E03A 0.35 1.7
164 826A 0.25 3.9 164 EI.A 0.35 5.3

164 L,4A 0.35 5.3
16& 833A 0.35 6.2 164 8154, 0.35 1.5
164 M34A 0.35 5.7 165 34k. 0.35 1.0
165 1A 0.35 7.5 164 811A 0.35 4.3
164 830A 0.35 6.4
165 2A 0.35 1.5 9.00-'4, 2-PR
164 832A 0.35 6.8

S164 778A 0.15 2.4

4.o.2, -P!64 779A 0.15 1.8
.-L 78QA 0.15 4.1

164 090. 0,15 1.8 164 786k 0.15 5.3
164 791A 0.15 2.6 164 774A 0.15 1.6
164 793A 0.15 5.6 164 777A 0-15 2.6
164 78A 0.15 4.2 164 782A C.1, 3.5
264 789A 0.15 2.0 164 783A 0-13 1.5
164 792A 0.15 3.3 16U 785k 0.15 5-h
164 794A 0.15 4.1 164 775A 0.15 1.7
164 7/95A 0.15 5.2 10 776A 0.15 2.8

164 781A 0.15 3,5
165 14A 0.25 7.6 0lo 764A 0.15 5,2
165 15A 0.25 4.7 164 787A 0.15 2.5
165 19A 0.25 5.0
165 16. 0.25 !,.1 165 5A 0.25 3.2
165 17A 0.25 0.9 165 IA 0.25 3.5

165 7A 0.25 6.6
1•c 21A 0.35 8.0 165 6 0.25 3.9
16k 23A 0.35 1.2 165 27A 0.25 3.7
165 M-A 0.35 8.0 165 BA 0.25 0.9
165 2GA 0.35 5.3 165 ZA 0.25 0.8
165 18A 0.35 1.8 165 26. 0.25 0.7

165 •SA 0.25 0.9
165 3A 0.25 4e

-6.0-16, -N 165 24A 0.25 4.8

164 S0A& 0.15 1.7 165 A• 0.35 6.1
164 8m5A 0.15 3.8 165 UA 0.35 4.1
164 809A 0.15 4.8 165 12A 0.35 7.5
164 808k 0.15 3.9 165 13k 0.35 1.1
164 807A 0.15 3.1 165 IOA 0.35 3.7
164 84A 0.15 1.9

ý74
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Table 10

4A4 Vehicle Tests in Yuma Saad, Laborator, Tests,
20 Percent Slip, First Pass

Penetration- Design Sand Mobility
Resistance N d Ceice erDeflection Design CoefficientGradient, G b

ioI_. _ /•Imh -W,_N P,_N w w Xh

4.50-18, 4-PR

32 4 4.7 0.1.5 3956 489 0.031 4.3
33 4 3.8 0.15 -3956 -267 -0.017 3.5
36 4 3.5 0.15 3956 -400 -0.025 3.2
38 4 5.9 0.15 3956 578 0.037 5.4

34 4 3.7 0.35 3956 2267 0.143 7.9
37 4 3.1 0.35 3956 1778 0.112 6.7
40 4 5.1 0.35 3956 3467 0.219 10.9 }
41 4 3.9 0.35 3Q9,'6 2711 0.IT7 8.3

ý.o.C _42 2-PR

46 4 5.3 0.15 3956 3200 0.202 U1.7
47 4 3.0 0.15 30956 000 0.063 6.6
48 4 3.4 0.15 3956 2178 0.138 7.6
49 4 1.8 0.15 3956 289 0.018 4.0

43 4 3.4 0.35 3956 5200 ý.329 17.7
44 4 2.6 0.35 3956 4000 0.253 13.5
45 I' 5.2 0.35 3956 5733 0.362 26.4
51 4 1.7 0.35 3956 3222 0.204 3.7

*' I

- -



Nc.99 A -

35-9 to -

5F 290 _t36

56 7- ~ :3.

3Ž 7,1_ 3.3e-

79?~ Aii2: -11
;16 213. 0..29

96 31 -1171 13..01.

ýz 337 .0 -781. o. J6 62.1

87 -22 i5 vr 2a1.2'-
A9 3W'* 27 7,9V.17.2- . ')

936 :,06± 0.' al 6 .I2; -
94 1107 2. 0.216 '34-

9T 337 7,9 0. 256 62.1 3-
X196 7,7.18 7 0.2119 1. V * 21.

i02 27l 7,9", 10 2e.69.9 6

93696 7,97 VXT. 0.26 Cod,1 M5..

103 12 ,3U!.
910 126 10 6,3Y15 21 0.216 .23 1
l01 96k 9 6,97U 7 0.1"- 0-177
102 131 9J 7,91i7 0.?-2 22-

.007 i39 i2ck 31. 4ui 0.1e 0.d 2w ss.

003 238 12 6,3u1 10 2.:). -2506 ±.2

135 13, 92 9,31- 10 0.168 O.1??q 17.7
108 138 12 6,3.;- 10 0.:68 D.2a- 255.9

;3x 1-1 6,311 71 C.. -,8 30.6 22.8

09 131 u2 6,3j1: 17 0.198 0.288 9.

113 103 9 ~ .L7 02*9e 0,299 23.6

)q15. 6x6 tnxjk, 2-1/2-fou, Pad.-* 1I-Lan. ?x

147 325 -9 12,933 21 o -1,%; ).284 16.8
A38 105 9 1.2,933 21 la,2~ 0.133 1.

1-0 352 32 12,933 14. 0. 195 0.3142 T8.1
t153 351 32 12,933 10 0. -M 0.372 68.4

156 31T. 29 i.2,93! 7 0.210 0.119 98.4

.9 1113 23,6091. 0.090 0.072 14.0Z6 Ilk 10 13.6EM, 4'. 0.090 0.061 U.]1
163 11L3 13 111;89 ~ 21 0.16o 0. 1w 24 9
1&1 160 1i1  13,tnI9 21 0.160 0.200 27.5
165 156 P4 1"'639 o. 016o 0.392 27.0

1.6 129 12 13 689 21 o.16o 0.117 22 3
*167 139 12 i13,699 A 0.210. 0. -D3-

0Value.u tam .1irsetIl from A 3..2L0, 17-a Suemat.

~~regmsets the ratio of the total p.22 to v,.Ailml w1gbt, .o.b tOs

T- -7 .. -



"Amp I
table 1.1 (:aontizk.)

tyst Cone ImicI In1flatioc Presaur oer1. n p . )3;2 *

Z62 1., 1 13,6%- 14 . 210 0.- 25-4 3.-
.6" 125 :2 13,659 10 . o. i 25.5

"125 1.2 1-,689 10 0.?65 0.2,5 21.7
1I'. _15 iCS . 0.265 0.275

1373 .X- -"689 10 O.L,5 0.261 3.0
174 i0 13,09 1o 0.26' 0.252 38.713 '3 Ilho 1310 ".a65 0. 2!5' .
1.6 134 .2 O C.- -. o C.-317 ?.T12

In :16ap7 o. 36c 0-1

1"8 78 7 8,-33 A& 0.13- 0-o5-.1.5
'79 aB 8'i Z-9r 1Q .79 92 5 8,33 1k 0.32 0.15k 25.9180 51 5 8,533 13 0."17 0.157 12.-
it 70 6 8, 3 a 0.147 0.151 17.2
15-02 92 8",53 1L; 0.17 l".1kb -.
L83 8h 8,533 7 0. 1'- ..220 27-9

-b 5,3 .176 L.z29A.IB5 5 5 ,5337 .--6 -0.197 1.

"ýxE -•.2ruc,l 2-1/2-= . Yct %rt&Utl , P;rom-e:,
156 66 !2, -n 7 o . -.-. :: :.:.

L2, 3. 1,.1. 7 0.250 0.293 7-.5

188 10o io,8S•o 1 0.203 3.-29 26.8
189 141 o0-,89 io 0.203 0.293 37.0
190 6 8 10,889 0 o252 0316 25.3

:3n, 6. 6 rk, 2-'-To. &,cio•:o. Frar-ce

191 1&3 13 l4,M 21 0.171 0.215 23 8
192 133 12 1k,5l0 21 0.171 0.159 21 8
193 105 9 l4,578 21 0.171 0-190 17 T
19k 106 9 14,578 21 a.171 0.19k 17.3
195 133 12 11,578 21 0.1•" 0.194 21.8
j96 110 13 1A. 579 21 a 171 0.2w2 23.2197 107 10 i1,578 Ix k C>5 0.263 23-5
198 67 6 1k, 578 A1 . 3.225 0.193 i4 i
199 95 9 14,578 1Ik 0.225 o.z16 20.9
2w 67 6 it, 578 1. 0.225 0.-38 1.-3
201 97 8 1.576 lit 0.25 ".,88 2i.1
20," 10k 1.- 51s3i 1k 0.22, 0.191 22.8

M1W 353, .. T 2-112-7t., La TarbsU~e, Frame.

203 8D 1 Ak,57" i& 0.2?, '.-.,. 17.6
20k 13 13 1.,57L 1k 0 225 0.195 31.3

.,', 35,. 6x6 T.rck, 2-1/2-T-n, set,.=, ?r.,,e

205.ý, 6C 6 1,.i8 10 0.:17 0.193 .5.7206 61 5 1&,578 10 0.27T 0.20 19.0
2W? 68 6 14,578 10 0.277 0.230 I8.k
208 69 A1k,5'' W0 0.27T 0. ZA 18.1A

4 •I 353, 6R6 TrU.I, 2-1/2-21.. 7ba Tuarb ., Frame

W 95 9 14,578 1n 0.27T 0.209 25.7
21o 96 9 ,1,578 10 o.177 0.261 25.7
23A 86 8 1k,5r8 10 0.277 0.262 23•.2
212 78 7 Ak,Mr8 7 0.3.8 0.305 20.8
213 UT 1 14,578 7 0. 38 0.328 31.3"21", 86 8 14,578 7 T.-48 0.322 23.2

NO 353. " traek. 2-1Z2-T=. Cage. Cod, Pma.

222 159 11 1 3,333 1 o.17 0.227 3..?
223 IT2 15 11,334 11 0.1%6 0.262 37.3
22 s u,333 51 c.1A o.C18 11.1
225 1.9 5 1 In33 11. 0.16 0.093 11.0
226 60 5 11,333 11. 0.1% 0.(Fo 13.A.
22T 172 15 11,333 zo10 O.2 0. u1! 15.0



~ Wheel Lood~ Number

?st Ccm~e lrdax Wla Io Pr-. r 2eLctAa a

4j13 353. 6xt Tru~ck, 2-1/i -Tc, Cmapt rý,., y&. (cetirn -a)

42 17 iot 0.7
229 1-2 1,3 00.2if ).2c,-
230 C. . -1 .211 12.j

232 ~--"..1 .3

233 16.2 15 L11,333 7 0.262 0.-37c;5.
234 360 4 11,333 0.262 3-337 52.2
235 i29 12 11,333 7C-26.2 3.3. 00 2.0
236 ko 11,333 0.262 C.21LZ- 13-,
237 39 1 21,333 7 0. 262 0 .?13 %3.0

238 41.1,5333 7.262 0. : 9'.1I

3Al, 
6
3CC 

.
-frul, 5-t=, Yickshbr-. Pbss.. %do&. nvre Salo

2w0 97T 17,155 21 0 .17r 3.i69 2e.5

241 76 T 1T, 155 ý0.1-12 )3165 2-

26305 J*3 17,155 lk .13... 0.37 96.5,
251 99 9 17,2155 10 3 8 0.263 11.1
253 36.3l 33 17,155 13 0. 25e. ;)."1 161.0
258 360 33 17,155, 7 .31-6 0 179 197.0

~.stL~car, 4xi. . TicV~kxb'-a, Wags., W-s X ej~er Swla.

266 126 ;2 15I 21 0.-.1, 0.203 2T.1
29672 1 :5, 111 a0. 1OL 0. 2'32
268 L12 1.0 15,11 2-1 0. 104 0.192 z23. -
269 125 1i 15,1-' 146 i. 14 i 0.252 36.o
290 120 11 15, 111 14 0.111 -D.2 31.3

292 121 i1 15,111 10 0-173 0. 333 41.9
293 117 11- 15,-I' n 0.1-!3 0.289 41.0
29A1 109 i') I_ ,11T 0.233 0.340 51,.0
-95 123 121 15,111 0-233 0. 355 53.2

1ow-adaozer. IIJS Tractor, Vickxt".-, Nis., Miss. §UvxwýSoeka.-

296 103 9 3i,489 2i 0.178 0.216 4-
2M 130 L2 3,A,489 21 0.178a 0.213- 53.1
298 1.15 10 34;, 89 21 0.rr" 0-'-15 47.6
299 147 13 34,189 21 0.178 0.235 60.T
300 -,1 13 31,489 21 0.173q 0.216 58.0
301 136 12 34,k189 14 00.200 0.2B3 66.o
302 138 12 34, h,9 14 3. 208 0.27 66.7
303 136 12 34.489 1&iIsv 0.302 66.0
304 i36 12 .34,489 Ix1 o. 0 0.281 66.0

306 136 12 34.Y.0 if, 0. 208 0. af t,.
307 138 12 3*,189 14 0.206 3.272 66.-

30125 Ul 34IL8 10 0. 5W 0.3>25 7

309 A11ýIr -1,1W, 10 0.-25C. 0. 327 ý.
510 1334 12 34,L34 -0 0.250 0.339 9-.4
321 135 12 34,1k89 10 0. 25* 0.327
312 130 12 3h,"8 10 '3.250 0.316
3713 121 11 IV,.1849 10 o.zr 0- 33e 3

314 134 12 Y34,K I.. I:.27 Z50

31" 137 12 34~." ~ 7 02Z?2 0. 4M237
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